Formal modelling of sociotechnical studies has so far focused either on reproducing known historical case studies or on generic transition models that encompass some of the characteristics of the underlying processes. This article presents a model that captures the unfolding dynamics of an existing technological regime and the emerging niches as they compete and respond to landscape pressures. The theoretical basis is the "Multi-Level Perspective" (MLP) framework. The development of new technologies in niches is endogenous and stochastic. Model analysis can be seen as a test of the dynamic consistency of the MLP substitution pathway. Simulation results are consistent with what MLP theory suggests and raise relevant questions and insights with regard to future modelling work on transition pathways and theory development.
Introduction
Research on sociotechnical transitions and system innovations can offer insight about the factors that enable or inhibit widespread adoption of environmentally sustainable or energy efficient technologies. Since the MLP has not received analysis with a formal model there is no assessment of whether the necessary causal factors it postulates are sufficient in order to generate the typical transition dynamics as described in its typology. The construction of a formal model based on a theoretical framework that is derived from concrete cases will make its assumptions credible and allow for an exploration of their implications. This could result in improvements in the theory so as to assure strong internal validity (Davies et al., 2007) . Consequently, the work presented in this paper may be of interest to the community of researchers using the MLP, even when they are not using formal models themselves.
One influential framework developed in this context is the Multi Level Perspective (MLP) (Geels and
The modelling approach used is system dynamics. This choice is motivated by the fact that sociotechnical transitions theories, notably MLP, involve multiple and interacting dynamic processes, time delays, and non-linear effects, such as feedback loops and thresholds. System dynamics is suitable for understanding the behaviour of dynamic systems that exhibit these characteristics (Sterman, 2000) .
The emphasis of this study is on evaluating how well the model portrays a particular MLP transition pathway, namely regime substitution, by making explicit the links between the functioning of the regime's social groups and the timing of changes that unfold in a complete substitution process. While these are described in theory and in transition cases, the model enables simulating the forces and the actors in the system and tracing the consequences of their actions over time. In this way, it is possible to test, at least in part, the assumptions under which a substitution pathway can actually take place and whether modelling results are consistent with qualitative descriptions from MLP theory.
The choice of the substitution pathway was based on three considerations. First, developing a model of a specific MLP pathway rather than a generic MLP model may be regarded as a logical and prudent first step. Prior attempts to develop a generic model of the MLP (Bergman et al., 2008) were successful to some extent, but the modellers admitted that they had to reconfigure the model each time in order to reproduce all transition pathways, meaning that they did not really achieve an entirely generic MLP model. In view of this, it was decided that model development in this paper should focus on a single transition pathway. This could result in a consistent, in-depth modelling study of an important pathway.
Moreover, it might ultimately contribute to a broader perspective on MLP and allow for identifying essential differences between transition types, that is, once models of other transition pathways would have been developed. In other words, this study is part of a larger, ambitious research line.
A second consideration for choosing the substitution pathway was that it could be broadly conceptualised and understood in terms of feedback loops and a discontinuity between the old and new sociotechnical regimes, and the niche. This could then be modelled following the approach of system dynamics, namely as shifting feedback loops. The de-alignment/re-alignment pathway was considered but not chosen, despite the fact that it involves similar feedback, because it would involve anticipation of de-alignment/re-alignment processes in all of the regime's elements. This would imply a much more complex model.
A final consideration was that the substitution pathway was expected to allow for clear interpretations of model results. This would help to validate the model. The remainder of the paper is structured as follows. Section 2 offers a brief overview of the Multi Level Perspective (MLP). Section 3 discusses how the substitution pathway dynamics were implemented in the model. Section 4 presents the validation tests with the model and develops the scenarios that were simulated. Section 5 presents the results of numerical simulations. Section 6 concludes.
The MLP Framework and Transition Pathways
The Multi Level Perspective (MLP) is a framework for studying (radical) technological change and diffusion. It emphasizes the role of social (group or network) interconnections and dynamics in system change and inertia. System developments are conceptualised as taking place at three levels that include the elements necessary for fulfilling a societal need. They are the outcome of the activities of actors who are embedded in interdependent social groups each with their own set of rules (Geels, 2004) . It follows that intergroup coordination and alignment of activities is important. This coordination takes place on a meta-level of the sociotechnical regime. This is a broadened version of Nelson and Winter's (1982) technological regime, that apart from shared engineering and cognitive rules includes scientists, policy makers, users and special-interest groups (Geels and Schot, 2007) . Consequently the stability and change of a sociotechnical system is the result of these interactions between multiple social groups.
Tensions and mis-matches among activities of different groups can lead to misalignment of rules and create space for change.
The relationship between the three levels of the MLP is conceptualised as follows (Geels, 2002) : (i) the landscape at the macro level, which forms the exogenous environment, and through its influence on the sociotechnical regime, it makes certain developments in it easier than others, (ii) the established sociotechnical regime level where incremental technological developments take place that constitute the trajectory of the regime, and (iii) the niche level where radical innovations incubate and proliferate.
According to Geels (2004) a socio-technical regime comprises three interrelated elements: (i) a network of actors and social groups, (ii) formal, cognitive, and normative rules that guide the activities of actors, and (iii) material and technical elements, such as artefacts and infrastructures.
Actors and groups influence the trajectory of technology development by adhering to a set of rules that guide their activities. Consequently, the progression of a sociotechnical regime is quasi-(co)evolutionary as many engineers in the production part of the system anticipate, in different ways, the changing needs of many users and the wider selection environment. This reciprocal interaction guides the search heuristics of engineers, rendering them in effect blind to developments outside their focus (Nelson and Winter, 1982) , to regulations and standards (Unruh, 2000) , to socio-cultural adaptation to technical systems, to sunk investments in machines and infrastructures, and to competencies (Christensen, 1997).
Hence, the stability of the sociotechnical regime influences, but also stems from, technological trajectories. This is part of the reason for the resistance that innovations from niches face in breaking through. They can overcome such resistance if the regime is destabilised, either internally or through landscape pressure, by taking advantage of ensuing "windows of opportunity". The regime's response to destabilization can be such as to accommodate the landscape pressures and absorb the innovations developed in niches. If this is not possible, it can, under certain conditions, cause a transition to a new regime. In this case, the dynamics and pace of the transition are modulated by the selection environment in which the system exists. In general, this consists of the group of consumers and the institutional framework which includes a regulative, a cognitive and a normative component (Scott, 2008 ). In the MLP transition typology there are four transition pathways and each one is characterised in terms of the nature and timing of the interactions among the landscape, regime and niche levels (Geels and Schot, 2007) .
Landscape pressures and regime dynamics can modulate niche development by creating windows of opportunity, and eventually contribute to niche success or failure. Whether a niche is sufficiently developed in order to become a candidate for an alternative to the incumbent regime is a matter of qualitative assessment based on four criteria (Geels and Schot, 2007) : (i) the emergence of a dominant design, (ii) the enlargement of the network of actors, (iii) improvements in the price/performance ratio, and (iv) a cumulative market share of more than 5% for the new technology. Finally, a transition ends when a new socio-technical regime has emerged, meaning that the social and technical aspects of innovations and their use become embedded in the institutional, the production and the user subsystems of the sociotechnical system.
Modelling the Substitution Pathway
The model focuses on the substitution pathway and the necessary and the causal mechanisms necessary for reproducing a complete substitution. Hence, it is assumed a priori that the regime lacks the endogenous capacity to respond to the contingency of pressures and persistent problems it faces. The model illustrates the interplay between endogenous feedback processes and contextual, situational factors that determine the dynamics of a substitution transition. Initially the regime is in the reproduction pathway, then it goes through substitution and finally returns to reproduction. It should be noted that there are no case studies of sequential transitions of the same system and consequently such a possibility has not been considered here or in any of the models so far. Geels and Schot (2007) describe the conditions under which a technological substitution can take place. The following sections outline the assumptions and choices that were made in creating the model representation of the sociotechnical regime, the niche, their interaction and the way a transition unfolds.
The Regime
In order to simplify the modelling task, certain assumptions concerning the level of detail of the model have been made. Figure 1 shows the main elements of the model which includes social groups, and the resources they utilize in order to perform their function and in doing so reproduce the sociotechnical regime. Thus it is a combination of Figures 1 and 2 in Geels (2004) . For example, the element of users/consumers is taken to represent the regime of markets and user preferences. Industry production attributes includes the technical characteristics of the technology utilised such as efficiency, price and scale of production. Figure 1 is a high level representation of the model, and is meant to convey the core logic, which is that agents utilise resources in order to supply a function. The complete model includes both a production and a user side and its structure is related to all of the relevant actors detailed in Geels Broadly, the model logic is that of a stimulus-adaptive system response relationship. In the substitution pathway the inability of the regime to generate an adequate adaptive response results in its eventual replacement. This process has been modelled with distinct model subsystems for the old and new sociotechnical regimes and the niche. 
Niches
The niche part of the model is based on the idea that technological niches and sociotechnical regimes are similar kinds of structures, although different in size and stability (Geels and Schot, 2007 
Alignment of Activities
Alignment is an important concept in the MLP as it influences the stability of the regime. Pressures that act on the regime reduce the alignment among the activities of its social groups. Alignment can also decrease as new groups associated with the new regime become active. As the transition is completed it is eventually restored to its original value. The generic way in which the alignment between groups and activities has been conceptualised is shown in Figure 6 . For example, group 1 may be associated with production activities of the incumbent regime and group 2 with those of the candidate niche. Assuming that the activities of the niche (An) are competitive to that of the regime (Ar), the degree of alignment is calculated as max(An, Ar)/(An+Ar). 
Validation and Testing
The case studies of socio-technical transitions available in the literature offer limited numerical data The available data are primarily qualitative, historical and anecdotal. In the light of this, the parameter values used in the model reflect stylized facts or are conjectural. However, as the focus is on pattern reproduction and not on reproducing a specific case study, the results are of value particularly in illustrating how delays in processes of the system influence its behaviour.
Sensitivity tests have been performed, both on the delay constants and the equations used in variables.. Due to model size (491 variables, 275 equations), a full presentation of the sensitivity tests that have been conducted would require considerable space which is not available here. Instead, three scenarios were formulated by varying the regime's impact and the delays of the system. Values have been assigned to constants in such a way that the best case scenario represents a situation characterized by a small regime impact and the delays in the system are small. The worst case represents a situation with a large regime effect and long delays. Keeping the pattern of stochastic R&D processes identical allowed for isolating the effect of delays in the system. Testing for these scenarios was expected to result for the best case scenario in an early transition and for the worse case scenario in a delayed transition relative to the reference simulation. The scenario set-up is shown in Table 1 below. Further tests were carried out in order to identify conditions under which a complete transition will not take place. The following table presents a list of tests carried out with the model in order to assess the model's behavioural validity. For example, testing with a zero initial environmental effect results in a delayed transition and testing with no effect results in no transition, as expected. Figure 12) Delayed process of transition
Results of Model Simulations
Here the results of the simulations are presented. While there are numerous variables of interest in the model, the focus is on those which correspond most closely with the theoretical concepts of the MLP. In the best case scenario, the niche starts developing approximately 15 years earlier and peaks higher at 9% of the total users of the system (note: y axis in figure 7 is 0 -100 users for illustration purposes while total system users is 1000). What is of interest is the relative magnitude and timing between the scenarios. It is worth noting that one of the conditions for the viability of the niche postulated by Geels and Schot (2007) is that niche users make up about 5% of the total market share, a threshold which is consistently exceeded in all three scenarios. In the best scenario the system undergoes a transition about twenty years earlier than in the latter case (Figure 8 ). In all three scenarios the general pattern of technology adoption among users is similar despite the fact that delays in the worst case scenario are double that of the best case scenario (see table   1 ). In effect, changing the delays does not change the way the dominant loops operate in the model. As expected, the production capacity behaviour follows the trends of the users closely (Figures 9, 10, 11,   12 ). The total new capacity in the model (y axis in Figure 9 ) is the sum of the capacity in all three candidate niches ( Figure 10 ) and the new regime ( Figure 12 ). The difference in behaviour is observed because in the best case scenario, the delays in the system allow capacity to build up quickly before capacity in the niches, which peaks in years 82-92, depreciates. Furthermore, in the best case scenarios capacity exceeds 100, which is the required capacity for supplying the user population demand. An explanation for this is that competition among the technologies in niches builds capacity which eventually is removed, with some delay, when users move to the new regime. This is what creates some temporary overcapacity in the system. This is a phenomenon that has been documented in transition studies The total capacity in the system (old and new regime and niches) available at any moment to supply user needs is shown in Figure 11 . The difference is that in the best scenario the system does not enter a state of under-capacity as the system responds quickly and builds new capacity. In the worst scenario the system experiences the most severe under capacity. This can be explained by looking at Figure 12 which shows the production capacity of the new and old regimes. This behaviour holds in general for any damped control system. All other things being equal, the more rapid the response to a stimulus is, the less time it takes to come to rest. Note that while capacity starts to increase earlier in the best case, the system comes to equilibrium at approximately the same time under the reference scenario. It shows the possibility of delay in system transition if competition between innovations is prolonged or if more than one innovation is adopted. The trajectory of the model starts on the top right, in the renewal mode and proceeds to reorientation of trajectories, a state in which solutions to the persistent problems are sought within the regime members and resources. However, in the substitution pathway the regime is unable to generate an endogenous response to landscape pressures causing its coordination to break down. In response, technologies that have emerged in niches are assessed in order to arrive at a substitute. Resources and capabilities situated outside the incumbent regime are required to generate a response to the persistent problems the regime faces. Subsequently the trajectory moves to the third quadrant of emergent transformation. The interpretation of this is that the incumbent regime contributes some of its resources to the new regime while the rest is left to depreciate and disappear. At this point there is no way to distinguish the niche that will become dominant since niche R&D is stochastic. Finally as the coordination among the members of the new regime increases the process enters its purposive phase where all of the resources of the new regime and its activities gradually become aligned.
Plotting the time the system spends in each quarter (Figure 15 ) provides some relevant information for governance. What is required is a swift assessment of whether the regime can endogenously generate an appropriate response to the pressures it is subject to. The aim is to avoid "muddling through" the reorientation of trajectories which takes up considerable time, and instead move quickly to the emergent transformation phase where viable solutions can be found. Figure 16 shows a comparison of the best and worst case scenarios simulated in which the cumulative build up of delays at the end of the transition is illustrated. it. This is an issue that could be looked at in more detail in future modelling studies.
Further output from the model provides food for thought. It was possible to compare model output with systems, ideologies and public opinion are at the core of the transition process (Geels, 2010) . This is well illustrated, for example, in the hygienic transition (Geels, 2005 ) and the transition from horse carriages to automobiles (Geels, 2006a) . While in the current model study an effort has been made to incorporate this in Awareness Shift variable and by disaggregating users in aware and unaware categories, this is a point that should be looked at in more detail in the future. This would also involve dealing with the fact that users and producers of technology often have different priorities and as a result different assessments of technologies.
Finally, model results generate some interesting questions regarding the nature of transitions. Drawing on figures 14 and 17 two questions are worth asking. First, under which circumstances does diminishing regime coordination lead to a break-up of system organization? Is this always the case? Theory so far has looked at how ST regimes are created, transform, and adapt but not at how and when they dissolve.
The second question derives from Figure 18 . Looking at the evolutionary pattern of stability of rules and users adhering to regime rules, and comparing model output to theory, the question is whether and under which conditions, rule destabilisation precedes the decrease of user numbers or the order is reverse.
These questions demonstrate that theory development can benefit from modelling in strengthening its internal validity and experimenting to produce novel theoretical insights. 
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